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Spermatogenesis, expression, and possible functions of a nanos homologue during gametogenesis
and blastogenesis in the colonial ascidian Botryllus primigenus. An approximately 1.3-kb-long cDNA was
cloned; it was termed BpNos since the deduced amino acid sequence (288 aa) contained 2 Nanos-like CCHC
zinc ﬁnger motifs. Immature and mature male germ cells expressed BpNos most strongly, while loose
aggregates of hemoblasts, multipotent epithelial cells (in developing buds) and a few coelomic cells in the
hemocoel and tunic vessels weakly expressed BpNos. No signals were detected from female germ cells. To
determine possible functions of BpNos, B. primigenus colonies were injected with BpNos short interfering (si)
RNA. Buds developed normally, showing that BpNos plays a limited role in B. primigenus blastogenesis.
However, the developing buds possessed no spermatogonia and spermatocytes in the testes, although
oocytes developed normally. In the knockdown colonies, terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling assay (TUNEL)-positive male germ cells were observed,
suggesting that BpNos siRNA treatment might induce apoptosis. In conclusion, BpNos is a weak marker of
germline precursor cells and multipotent somatic epithelial cells but a strong marker of spermatogonia and
spermatocytes. A major function of BpNos may be the maintenance of male germline cells.
© 2008 Elsevier Inc. All rights reserved.IntroductionEstablishment of the germ cell lineage is one of the primary steps
in the development of animal embryos. Numerous studies have
revealed that germ cells are strictly segregated from somatic cells
during early embryogenesis. In fruit ﬂies, nematodes, and zebra ﬁsh,
germ cells are segregated by the inheritance of a cytoplasmic
determinant. In mammals and axolotls, germ cells are induced via
regulative interaction among embryonic cells (Matova and Cooley,
2001; Extavour and Akam, 2003). However, in primitive metazoans,
germ cell speciﬁcation occurs during adulthood. In these animals,
undifferentiated cells such as the interstitial cells in hydras and
neoblasts in planarians are the source of germ cells (Mochizuki et al.,
2001; Shibata et al., 1999).
Colonial ascidians belong to Urochordata and propagate asexually.
In botryllid ascidians, all tissues and organs, including the gonads are
reconstructed during the asexual reproductive cycle (Berril, 1941;
Watanabe, 1953; Mukai and Watanabe, 1976). This raises the question
of how the germline cells are recruited in each individual through the
asexual generations. In Botryllus, the gonads and gametes arise from
hemoblasts (Mukai and Watanabe, 1976; Sabbadin and Zaniolo, 1979;
Sunanaga et al., 2006). Hemoblasts are a type of coelomic cells that arel rights reserved.present in the hemocoel and the tunic vessels. In Botryllus primigenus,
germ cell formation begins in the gonadal spacewith loose cell masses
comprising hemoblasts (Mukai and Watanabe, 1976; Sunanaga et al.,
2006). Some cells of the loose cell masses develop into female germ
cells, while the remaining form compact cell masses (testicular
primordia). Our previous study showed that the loose cell masses
(germline precursor cells) are characterized by the expression of the
vasa homologue BpVas (Sunanaga et al., 2006). The vasa gene is
considered to be one of the most reliable molecular markers of
germline cells among awide range of metazoans (Raz, 2000; Extavour
and Akam, 2003). The germline cells can reappear even after BpVas-
positive cells are completely extirpated from the colonies (Sunanaga
et al., 2006). Recently, in a related budding ascidian species, Polyan-
drocarpa misakiensis, we have demonstrated that germ cells are
derived from hemoblast-like coelomic cells and that budded indivi-
duals do not inherit vasa-expressing germline cells from their parents
(Sunanaga et al., 2007). These results strongly suggest that in colonial
ascidians, germline cells are recruited from non-germline cells in the
postembryonic stage. In addition, it has been reported that hemo-
blasts serve as somatic stem cells in the asexual reproduction of
colonial ascidians (Oka and Watanabe, 1957; Kawamaura and
Nakauchi, 1991; Kawamura et al., 1991). Thus, it is probable that
totipotent stem cells (hemoblasts) are reserved in the coelomic space
(Sunanaga et al., 2007). However, little is known about the molecular
features that characterize the hypothetically totipotent hemoblasts in
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the key factors that are involved in germ and somatic cell speciﬁcation
need to be identiﬁed. In the present study, we focused on the nanos
gene.
The nanos gene encodes an RNA-binding protein. In Drosophila, it
appears as a maternal-effect gene that is required for germ cell
development. In the absence of maternal nanos, pole cells undergo
apoptosis during their migration into the gonads, and thus fail to
differentiate into functional germ cells (Wang and Lehmann, 1991;
Kobayashi et al., 1996; Forbes and Lehmann, 1998). Nanos is also
expressed zygotically in adult ovaries and is required for the
maintenance of germline stem cells (Forbes and Lehmann, 1998;
Bhat, 1999). In all the animals examined thus far, ranging from
sponges to mammals, nanos and nanos-related genes are expressed in
germline cells (Mosquera et al., 1993; Pilon and Weisblat, 1997;
Mochizuki et al., 2000; Extavour et al., 2005; Fujii et al., 2006;
Jaruzelska et al., 2003). The conserved functions of these genes in
germ cell formations have been reported in planarian, nematode,
zebraﬁsh and mouse (Sato et al., 2006; Subramaniam and Seydoux,
1999; Köprunner et al., 2001). Further, in primitive metazoans, nanos
may be required by totipotent stem cells, since the interstitial cells in
Hydra weakly express the nanos-related gene Cnnos1 (Mochizuki
et al., 2000).
In this study, we isolated a B. primigenus nanos gene (BpNos) and
examined the spatiotemporal expression of BpNos mRNA and its
protein during germ and somatic cell speciﬁcation. BpNos products
were most strongly expressed in male germline cells. Interestingly,
they were also observed in multipotent somatic epithelial cells and
a small number of coelomic cells. Next, to clarify the functional role
of BpNos, the genetic knockdown of BpNos was performed using
short interfering (si)RNA. We found that a lack of BpNos mRNA
induced apoptosis of testicular cells, resulting in defective gonadal
development. Our results show that BpNos plays conserved roles as
well as novel roles in the postembryonic development of colonial
ascidians.
Materials and methods
Animals
Colonies of Botryllus primigenus were collected in the vicinity of
the Usa Marine Biological Institute of Kochi University (Kochi
Prefecture, Japan). They were allowed to grow on glass plates in
culture boxes settled in Uranouchi Inlet near the institute.
Isolation of BpNos gene
Botryllus nanos gene fragments were ampliﬁed by polymerase
chain reaction (PCR) from a cDNA pool of whole colonies. The
following degenerate primers were used, 5′-TGT(TA)G(TG)TTTTGT
(CA)(AG)(TCAG)AA(TC)AA(TC)AA(AG)GA-3′, and 5′-GT(AG)TG(TCAG)
GC(TCAG)(TG)(TC)(AG)TC(TCAG)CC-3′. According to Frohman et al.
(1988), 5′- and 3′ ends of the cDNAwere elongated. 5 kinds of primers
for 5′-rapid ampliﬁcation of cDNA ends (RACE) were as follows: GSP1,
5′-CAGTCAATTAGTGATCAAGTCAGAGAG-3′; GSP2, 5′-CACGAGG-
CATGATAGTGGAA-3′, GSP3, 5′-GCAATGACCAATCGTGTGAG-3′, GSP4,
5′-CCTTTCCTGCGTTGTTCTTC-3′, and GSP5, 5′-TGTTGGGGTAATGG-
TTGGTC-3′. 2 speciﬁc primers for 3′-RACE were as follows; GSP6,
5′-GAAGAACAACGCAGGAAAGG-3′, and GSP7, 5′-TGCTGAGGTGC-
TACGAGTGT-3′. According to Sunanaga et al. (2006), 2 kinds of
adapter primers and adapter-dT17 primers were designed. PCR
products were subcloned to a TA cloning vector. The nucleotide
sequences of cDNA inserts were determined with ABI PRISM3100-
Avant genetic analyzer system (Applied Biosystems). For cycle
sequence reaction, BigDye terminator v3.1 cycle sequencing kit
(Applied Biosystems) was used.Preparation of monoclonal antibody
Recombinant proteins were used as antigens to generate anti-
bodies against BpNos and BpVas. cDNA fragment encoding the N-
terminal region of BpNos and full-length BpVas were cloned into the
pQE30 vector (Qiagen). Histidine-tagged fusion proteins were
expressed in Escherichia coli RB791, then afﬁnity puriﬁed with Ni-
NTA agarose afﬁnity resin (Qiagen). The proteins were further puriﬁed
by SDS-PAGE equipped with a preparative disc electrophoresis system
(Nippon Eido), and dialyzed against Tris–HCl buffer (pH. 8.0). The
puriﬁed protein solution was mixed with Freund's adjuvant and
injected into BALB/c mice six times. Spleen cells were fused with NS1/
AG4 myeloma cells. Positive hybridomas were cloned, and the culture
media were stored in a refrigerator in the presence of 0.05% NaN3.
In situ hybridization
Specimens were ﬁxed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) at 4 °C for 10 h. The ﬁxed specimens were rinsed
in PBST (PBS containing 0.1% Tween-20), and dehydrated in a graded
series of methanol and stored in 75%methanol at −30 °C.Wemodiﬁed
a procedure for in situ hybridization adopted in previous studies
(Sunanaga et al., 2006, 2007) in order to strengthen the signal
intensity. After rehydration, specimens were hybridized with the
digoxigenin (Dig)-labeled antisense ribonucleotide probe. Then, the
whole mount specimens were rinsed and dehydrated in a graded
series of ethanol. They were embedded in Technovit 8100 resin
(Heraeus Kulzer GmbH) and sectioned at a thickness of 2 μm. The
sections mounted on cover slips were pretreated with the blocking
solution (3% normal horse serum in PBS) for 30 min, and then treated
with anti-Dig monoclonal antibody (Abcam) for 60 min. They were
washed twicewith PBST for each 10min, and reacted with anti-mouse
secondary antibody labeled with colloidal gold (British BioCell
International). After thorough washing, positive tissues were visua-
lized by using a silver enhancing kit (British BioCell International).
Sections were observed by bright ﬁeld and dark ﬁeld microscopy.
Immunohistochemistry
Specimens were ﬁxed in Zamboni's ﬁxative (Zamboni and
DeMartino, 1967) at 4 °C for 30 min. After dehydration, they were
embedding Technovit 8100 resin and sectioned at 2 μm. Sections were
mounted serially on cover slips. They were pretreated with 0.01%
trypsin containing 0.1% CaCl2 in 0.1 M TrisCl (pH 8.0) at 37 °C for 5min.
Then, sections were treated with the blocking solution (3% normal
horse serum in PBS) for 30 min, and reacted with anti-BpNos or anti-
BpVas monoclonal antibody at 30 °C for 60 min. They were washed
twice with PBST for each 10 min, and stained with anti-mouse
secondary antibody labeled with horseradish peroxidase (HRP).
Specimens were colored by Trueblue (KPL).
Western blotting
Protein extraction from whole colonies of B. primigenus and
protein preparation for SDS-PAGE were performed according to
Kawamura et al. (2006). Electrophoresis were done on 7.5% and 12%
polyacrylamide gels containing 0.1% SDS in 0.375 M Tris–HCl (pH 8.8)
(Laemmli, 1970). The separated polypeptides were blotted on to
nitrocellulose membranes (BioRad) at 300 mA for 2.0 h. Subsequent
immunochemistry was carried out with HRP-conjugated anti-mouse
IgG and ECL system (GE healthcare).
Reverse transcriptase-PCR
Total RNA was extracted from colonies of B. primigenus by the
AGPC method (Chomczynski and Sacchi, 1987). Before the reverse
Fig. 1. Isolation of BpNos. (A) Deduced amino acid sequence of BpNos. The zinc ﬁnger motifs are underlined. (B) Alignment of amino acid sequence in the conserved zinc ﬁnger motifs
of Nanos and Nanos-related proteins. Filled boxes indicate identical amino acid residues in all proteins. Shaded boxes indicate amino acid residues that are identical in at least 7 of the
proteins. The amino acid residues comprising the CCHC zinc ﬁnger are marked with dots.
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Diagnostics GmbH). The following primers were used for ampliﬁca-
tion of BpNos, cytoplasmic actin and GAPDH: GSP8, 5′-CGCGATAAAA-
CGTGACAATC-3′, GSP9, 5′-AACGATACAGGGACCAACCA-3′, GSP4, GSP7
(mentioned above), Act-F, 5′-AGATCTTGACGGAACGAGGA-3′, Act-R,
5′-GGAAAAGTGCTTCAGGGCAT-3′, GAPDH-F, 5′-TGGAGCAGACTTCGT-
TGTTG-3′ and GAPDH-R, 5′-CAATGTACTGACATGTAGGTGATGAGG-3′.
RNA interference
Three different siRNAs were designed from the BpNos mRNA and
were obtained from SIGMA-PROLIGO. Their oligonucleotide sequences
were as follows: siRNA-1, 5′-GGCGUUCACGAAUUACCAACG-3′ and
5′-UUGGUAAUUCGUGAACGCCUA-3′, siRNA-2; 5′-CGAGUGCAACA-
CAUCUACUUG-3′ and 5′-AGUAGAUGUGUUGCACUCGGU-3′; siRNA-3,
5′-CGAGUGUCCAUUAUGUGAAGC-3′ and 5′-UUCACAUAAUGGA-
CACUCGUA-3′. The three siRNA oligonucleotides were mixed (ﬁnal
concentration of 20 μM, each) in ﬁltered seawater. As a control, siRNAFig. 2. Characterization of anti-BpNos and anti-BpVas antibodies. (A) Immunoblot analysis w
was blotted to the membrane. A major band was detected in the sample (arrowhead). (B) Imm
primigenus colonies was blotted to the membrane. A major band was shown on the mem
monoclonal antibody. Arrows indicate the BpVas-expressing cells on the section. Oocytes (ast
stained by the antibody. (D) Counter stained section of (panel C). ae, atrial epithelium. Scalecorresponding to lacZ was prepared. The ﬁnal concentration was
60 μM. To knock down the BpNos gene, 3 μl of the siRNA mixture was
microinjected into an experimental B. primigenus colony through the
peripheral ampullae. After the treatment, specimens were cultured in
the sea or the aquarium.
Vascularization
Vascularization was performed as described (Sunanaga et al.,
2006). Regenerating colonies were cultured in the sea. All specimens
were used in knockdown analysis, mentioned above, 3 d after the
treatment.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling assay (TUNEL)
Specimenswereﬁxed in 4% paraformaldehyde in PBS at 4 °C for 1 h.
The ﬁxed specimens were rinsed in PBS and dehydrated in a gradedith anti-BpNos monoclonal antibody. Total protein extracted from B. primigenus colonies
unoblot analysis with anti-BpVas monoclonal antibody. Total protein extracted from B.
brane (arrowhead). (C) Immunohistostaining of developing gonads with anti-BpVas
erisks), loose cell mass (lcm), and spermatogonia and/or spermatocytes in testis (t) were
bar, 50 μm.
Fig. 3. RT-PCR analysis of BpNos in the sexual (s) and asexual (a) colonies. Expression
level of BpNos mRNA in asexual colonies was weaker than that in sexual colonies.
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thickness of 5 μm. TUNEL was performed using Apoptosis in situ
Detection Kit (Wako) according to the manufacturer's instructions.
Results
Isolation and characterization of the cDNA of nanos gene of Botryllus
We isolated a 143-bp-long PCR fragment from the B. primigenus
cDNA pool by using degenerate primers that were designed based on
the 2 zinc ﬁnger motifs conserved in Nanos and Nanos-related
proteins. In order to obtain a longer cDNA fragment, we performed 5′-
and 3′-RACE. The total length of the determined sequence wasFig. 4. BpNos expression in germline cells of B. primigenus. (A–D) In situ hybridization. (E–G) I
microscopy of (panel A). Testes emitted strong signals. (C) A developing gonad consisting of s
testis was stained. (E) Developing bud. Compact cell mass was stained heavily. Bar, 50 μm.
BpNos-positive cells were localized at the periphery. Bar, 50 μm. ccm, compact cell mass; eapproximately 1.3 kb (GenBank accession no. AB428794), it encoded
288 amino acid residues and was followed by an approximately 360-
bp-long 3′-untranslated region (Fig. 1A). A similarity search of the
GenBank database revealed that the deduced polypeptide was highly
similar to Nanos and other Nanos-related proteins. It contained 2
CCHC zinc ﬁnger motifs that were conserved in Nanos and Nanos-
related proteins among diverse organisms (Fig. 1B). The conserved
region showed 50% identity to Drosophila Nanos, 55% to Hydra
Cnnos1, 55% to Hydra Cnnos2, 66% to planarian Djnos, 61% to urchin
Nos, 60% to zebraﬁsh Nanos1, 62% to mouse Nanos1, 56% to mouse
Nanos2 and 56% to mouse Nanos3. We designated the cloned cDNA as
B. primigenus nanos homologue (BpNos).
Speciﬁcity of monoclonal antibodies against BpNos and BpVas
In order to describe the expression of BpNos, we generated a
monoclonal antibody against a histidine-tagged fusion protein of the
N-terminal region of BpNos (27–209 aa). The speciﬁcity of the anti-
BpNos antibody was ascertained by western blot analysis using total
protein extracted from the B. primigenus colonies. The antibody
detected a polypeptide band of approximately 34 kDa (Fig. 2A); this
corresponded to the molecular weight of approximately 32 kDa that
was predicted from the BpNos cDNA.mmunohistochemistry. (A) Tissues of developing zooids. Scale bar, 100 μm. (B) Dark ﬁeld
ingle testis and oocyte. Bar, 50 μm. (D) Dark ﬁeld microscopy of (panel C). Note that only
(F) Developing testis and oocytes. Spermatocytes were stained. Bar, 40 μm. (G) Testis.
n, endostyle; ep, epidermis; o, oocyte; p, pharynx; s, stomach; t, testis.
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molecular marker genes of the germline cells of a wide range of
animals (Raz, 2000; Noce et al., 2001). Our previous study revealed
that in B. primigenus, mRNA of BpVas was speciﬁcally expressed in
germline cells (Sunanaga et al., 2006). In order to examine the gonadal
development after treatment with BpNos siRNA, we raised a mono-
clonal antibody against a histidine-tagged fusion protein of full-length
BpVas. The speciﬁcity of the antibody was ascertained using western
blot analysis. Two bands were detected using total protein extracted
from the B. primigenus colonies (Fig. 2B). Their molecular weightsFig. 5. BpNos expression in somatic cells of B. primigenus. (A–F) In situ hybridization. (G, H) Im
A). Note that multipotent epithelium emitted weak signals. (C) Developing zooid. Bar, 80 μm
zooid, ventral side. Arrowheads show positive cells in the hemocoel. Bar, 40 μm. (F) Dark ﬁel
(H) BpNos-positive coelomic cells in the test vessel. Bar, 40 μm. i, intestine.were approximately 78 kDa and 40 kDa respectively. The higher
corresponded to the molecular weight of approximately 79 kDa that
was predicted from the BpVas cDNA. In ascidians, there are 2 types of
vasa mRNA that differ from each other with respect to their length
(Sunanaga et al., 2006; Takamura et al., 2002). The molecular weights
predicted from their cDNA are much larger than 40 kDa. Immunohis-
tostaining of sections of the developing gonads showed that the
antibody reacted speciﬁcally with germline cells. The loose cell
masses, spermatogonia and/or spermatocytes in the testes and
oocytes were clearly stained (Figs. 2C, D). This result implies thatmunohistochemistry. (A) Developing bud. Bar, 40 μm. (B) Dark ﬁeld microscopy of (panel
. (D) Dark ﬁeld microscopy of (C). Epithelial cells no longer emitted signals. (E) Adult
d microscopy of (panel E). (G) BpNos-positive coelomic cells in the pharynx. Bar, 40 μm.
Fig. 7. RT-PCR analyses of BpNos, GAPDH and Actin using specimens 3 d after treated
with siRNAs. Ampliﬁcation of BpNos cDNA was carried out with two different sets of
primers (BpNos-a and BpNos-b). The expression of BpNos in siRNA(BpNos)-treated
colonies was weaker than that in siRNA(lacZ)-treated colonies.
36 T. Sunanaga et al. / Developmental Biology 324 (2008) 31–40the appearance of a lower band inwestern blot analysis was caused by
degradation of BpVas protein.
Expression of BpNos in Botryllus colonies
In order to determine whether BpNos was involved in germ cell
formation, RT-PCR was performed using mRNA extracted from both
asexual and sexual colonies of B. primigenus. Interestingly, both the
asexual and sexual colonies expressed BpNos mRNA; however its
expression was considerably weaker in the former than in the latter
(Fig. 3). In B. primigenus, germ cell formation begins in the gonadal
space with loose cell masses comprising hemoblasts (Mukai and
Watanabe, 1976; Sunanaga et al., 2006). The loose cell masses emitted
weak signals (data not shown). Further BpNos mRNA was strongly
expressed in the developing testes (Figs. 4A–D), while the developing
oocytes did not emit any signals (Figs. 4C, D). The stomach, which is a
somatic organ, also did not express BpNos mRNA (Figs. 4A, B).
Immunohistochemical analysis revealed that the male germ cells
expressed BpNos. The compact cell mass, which was the testicular
primordium, was heavily stained by the antigen–antibody reaction
(Fig. 4E). Spermatogonia and/or spermatocytes in the developing
testes expressed BpNos while young oocytes did not (Fig. 4F). BpNos-
positive cells were localized at the periphery of well-developed testes
(Fig. 4G).
BpNos products were detected in the somatic tissues as well as in
germline cells. In the developing buds, multipotent epithelial cells that
develop into somatic organs such as the pharynx, intestinal tube, and
endostyle, expressed BpNos mRNA (Figs. 5A, B). In these organs, the
signals became weak and eventually disappeared at the zooid stage
(Figs. 5C, D). In addition to the epithelial tissues, BpNos-positive
coelomic cells were also observed. In an adult zooid, some of the
coelomic cells that were present in the hemocoel near the endostyle
emitted strong signals (Figs. 5E, F). The coelomic cell mass in the
hemocoel of the pharynx expressed BpNos protein (Fig. 5G). Similarly,
BpNos-positive cells were observed in the tunic vessels; these cells
were round, and prominent organelles were not observed in them on
examination under a light microscope (Fig. 5H).
Knockdown analysis by RNAi
The genetic knockdown of BpNos was induced using siRNAs. The
siRNAs were injected into the tips of the ampullae. Three types of
siRNA targeting BpNosmRNAwere mixed and diluted with ﬁltered sea
water. A siRNA targeting lacZ was used as the control. In order toFig. 6. Preparation of B. primigenus colonies for genetic knockdown analyses. siRNA
solution was injected into the specimen through the tip of ampullae (arrowhead). (A) A
specimen used in experiment 1. Botryllus colonies contain three asexual generations:
feeding zooid, primary bud, and secondary bud. The secondary bud has developing
gonads (asterisks). Bar, 500 μm. (B) A specimen used in experiment 2. All zooids and
buds were removed from colony. Bar, 500 μm. am, ampullae; pb, primary bud; sb
secondary bud.investigate the function of BpNos, 2 experiments were performed. In B.
primigenus colony, three successive generations, a feeding zooid of the
ﬁrst generation, primary buds of second generation, and secondary
buds of third generation form a unit (Fig. 6A) (Watanabe, 1953). This
unit represents 4 different asexual reproductive phases (A–D) by
combinations of the developmental stages of the three generations
(Watanabe, 1953). For experiment 1, sexual colonies that contained
developing buds with gonads were prepared (Fig. 6A). The colonies
from which germline cells were eliminated using vascularization
technique were used in experiment 2 (Fig. 6B).
In experiment 1, in order to assess the effect of siRNA on BpNos
transcripts, RT-PCR was carried out 3 d after the injection. Total RNA
was extracted from 5 samples each in the siRNA(BpNos) and siRNA
(lacZ) treatments. The siRNA(BpNos)-treated colonies showed
obviously weaker signal compared with the siRNA(lacZ)-treated
colonies (Fig. 7). The total amount of RNA in each RT-PCR analysis
was conﬁrmed by amplifying the cytoplasmic actin (Actin) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes (Fig. 7).
These results indicate that siRNA(BpNos) destroyed BpNos mRNA in a
sequence-speciﬁc manner.
Histological analysis showed that testis formation was normal in
the siRNA(lacZ)-treated specimens. The compact cell mass, which was
the testicular primordium, was generated at lateral hemocoel of
secondary bud (Fig. 8A). The primary bud exhibited a developing testis
(Fig. 8B). On the other hand, siRNA(BpNos)-treated colonies showed
notably abnormal male germ cell development. Immunohistostaining
with anti-BpVas antibody showed that the compact cell mass did not
appear in the secondary buds (Figs. 8C, D). Most of the secondary buds
of the siRNA(BpNos)-treated colonies (7 of 8) also lacked the loose cell
masses; in contrast, such secondary buds that lacked cell masses were
scarce in the siRNA(lacZ)-treated colonies (Figs. 8C, D; Table 1).
Moreover, defective compact cell mass appeared to be scattered in the
siRNA(BpNos)-treated colonies (Fig. 8E). Further, these colonies had
atypical testes that contained no cells that could be stained with
Giemsa solution (Fig. 8F). BpNos knock down did not seem to affect
multipotent epithelium, somatic organogenesis, or oocyte develop-
ment (Figs. 8A, C, E, and F).
In experiment 2, in order to investigate whether BpNos is involved
in the reappearance of germline cells in the regenerated colonies,
siRNA(BpNos) was injected into the regenerating colonies 3 d after
vascularization. Although ascidians usually generate hermaphrodite
gonads, inmost zooids in sexually premature colonies of B. primigenus,
only testes development occurs. We counted the blastogenetic
generations in which the testes were formed in the gonadal spaces.
The results are summarized in Table 2. In the siRNA(BpNos)-treated
colonies, the developed testes were observed in the 5th (5 of 6) and
the 6th (1 of 6) blastogenetic generations; in the siRNA(lacZ)-treated
specimens, the developed testes were observed in the 4th generation
(7 of 7).
Fig. 8. Effects of BpNos siRNA on gametogenesis and blastogenesis in B. primigenus. (A, B) Control. (C–F) Experiments. (A) Compact cell mass in the developing bud. Bar, 20 μm. (B)
Testis in the developing zooid. Bar, 80 μm. (C) Lower magniﬁcation of primary and secondary buds. Zooids appeared to develop normally. Bar, 80 μm. (D) Higher magniﬁcation of the
boxed area in (panel C). The section was stained using anti-BpVas monoclonal antibody. Secondary bud had no compact cell mass nor loose cell mass. Bar, 100 μm. (E) Compact cell
mass was scanty. Bar, 40 μm. (F) Testis in the developing zooid did not contain cells stained with Giemsa. Bar, 50 μm. b, bud.
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It has been reported that Nanos represses apoptosis to maintain
the germline cells in Drosophila embryos (Sato et al., 2007). In order to
investigate whether BpNos was involved in the apoptotic pathway,
TUNEL was performed. The specimens were treated with siRNAs
according to the protocol followed in experiment 1. The specimens
were then ﬁxed at 24, 48 and 72 h after the treatment. TUNEL-positive
cells were observed in the developing testes of the specimens that
were ﬁxed at 48 and 72 h after the siRNA treatment (Fig. 9A). However,Table 1
Loose cell mass of secondary buds in siRNA-treated colonies
siRNA(BpNos) siRNA(lacZ)
Sample name Loose cell mass Sample name Loose cell mass
1/a No 1/d Yes
2/a No 2/d Yes
3/a Yes 3/e Yes
4/b No 4/e Yes
5/b No 5/e Yes
6/b No 6/f Yes
7/c No 7/f Yes
8/c No 8/f Yes
Sample name indicates the sample number and the colony ID.the compact cell masses showed no signals in 24 h after the siRNA
treatment (Fig. 9B). We did not detect any involvement of the oocytes
and loose cell masses in the apoptotic pathway (Figs. 9B, C). In siRNA
(lacZ)-treated specimens and non-treated specimens, germline cells
did not emit any signals (Figs. 9D, E).
Discussion
BpNos is a homologue of nanos
Nanos and nanos-related genes have been isolated from a wide
range of metazoans from sponges to humans. The alignment of their
deduced polypeptide sequences shows that the 2 zinc ﬁnger motifs
were conserved at their N-terminal regions. The BpNos cDNA isolated
in this study also encoded 2 zinc ﬁnger motifs. BpNos showed theTable 2
The number of blastogenetic generation in which a bud initiates testis formation in
experiment 2
1st 2nd 3rd 4th 5th 6th
siRNA(BpNos) 0 0 0 0 6 1
siRNA(lacZ) 0 0 0 7 − −
−, not examined.
Fig. 9. Detection of apoptotic cells in siRNA-treated colonies. (A–C) siRNA(BpNos)-treated specimens. (A) TUNEL-positive cells are shown in developing testis (arrow heads). Bar,
20 μm. (B) Compact cell mass (arrowhead) and growing oocytes (arrow) did not showany signals. Bar, 50 μm. (C) There are noTUNEL-positive cells in loose cell mass (arrowhead). Bar,
50 μm. (D) siRNA(lacZ)-treated specimen. Developing testis did not show any signals. Bar, 20 μm. (E) Non-treated specimen (WT). Developing testis did not show any signals. Bar,
20 μm. (F) Most cells were stained in the section treated with DNase I just before TUNEL assay (experimental control). Bar, 50 μm.
38 T. Sunanaga et al. / Developmental Biology 324 (2008) 31–40highest similarity to planarian nanos (66% similarity to Djnos) in the
amino acid sequence corresponding to the conserved region. Although
most of the Nanos and Nanos-related proteins show little similarity
outside the region containing themotifs, insect Nanos proteins share a
functional domain, termed the tail domain after the zinc ﬁnger motifs.
This domain is required for abdomen formation and germ cell
migration in Drosophila embryos (Arrizabalaga and Lehmann, 1999).
BpNos did not have the tail domain.
BpNos is involved in male germ cell formation in colonial ascidians
BpNos expression as revealed by in situ hybridization and
immunohistochemistry is summarized in Fig.10. The loose cell masses
that were the germline precursor cells weakly expressed BpNos (data
not shown). However, deﬁnite expressionwas detected in the compact
cell mass, developing testes, and periphery of well-developed testes
(Fig. 4). This indicates that BpNos is expressed by the spermatogonia
and/or spermatocytes. In order to analyze BpNos function, genetic
knockdown of BpNos was carried out. The treatment with siRNA
(BpNos) caused defective male germ cell formation in the developing
buds (experiment 1, Fig. 8). This suggests that in B. primigenus, BpNos
plays a crucial role in testicular development and/or spermatogenesis.
In contrast, the oogonia and oocytes were not affected by the siRNA
treatment.
BpNos is involved in blocking the apoptotic pathway
Nanos and nanos-related genes have been isolated from many
metazoan species (Mosquera et al., 1993; Pilon and Weisblat, 1997;
Mochizuki et al., 2000; Extavour et al., 2005; Fujii et al., 2006;
Jaruzelska et al., 2003). However, functional analyses have been
successful in a limited number of species. In Drosophila embryos,
Nanos blocks the apoptotic pathway in the pole cells (Sato et al., 2007).
In homozygous nanos2-knockout mice, spermatogenesis is defective.
The defects are assumed to be due to the increase in the number of
apoptotic cells in the male gonads (Tsuda et al., 2003). In this study,
TUNEL-positive cells were detected during spermatogenesis in thesiRNA(BpNos)-treated specimens, indicating that BpNos is involved in
blocking the apoptotic pathway in male germ cells (Fig. 9). It is
suggested that the repression of apoptosis may be a conserved
function of nanos and nanos-related genes among metazoans.
BpNos is involved in maintenance of germline precursor cells
InHydra, the nanos-related gene Cnnos1 is expressed constitutively
by totipotent stem cells that are known as interstitial cells. Cnnos1
expression becomes stronger in germline stem cells derived from
totipotent stem cells. Therefore, Cnnos1 is thought to be a marker gene
that is speciﬁc for totipotent and germline stem cells (Mochizuki et al.,
2000). In addition, planarian germline stem cells express nanos (Sato
et al., 2006; Wang et al., 2007). Smed-nanos is required for proper
germ cell development and regeneration (Wang et al., 2007). In this
study, BpNos was weakly expressed by the loose cell masses, which
were the germline precursor cells. The expression became stronger
when some parts of the loose cell masses developed into the testicular
primordium. The disruption of BpNos transcripts induced the
disappearance of germline precursor cells and a delay in germ cell
regeneration (experiment 1, Fig. 8, Table 1; experiment 2, Table 2).
These ﬁndings indicate that BpNos was involved in the development
and/or maintenance of the germline precursor cells. Taken together, it
seems that BpNos is characterized by its 2 different functional roles.
One function is the involvement in the apoptotic pathway of male
germ cells as mentioned above, and the other is that BpNos is
expressed by the most primitive germline cells in adulthood. BpNos
shares the former function with higher metazoans such as mice and
fruit ﬂies, while the latter role is conserved in primitive metazoans.
Expression of BpNos is not exclusive to the germline
BpNos was expressed in the multipotent somatic epithelial and
germline cells (Figs. 4, 5). This indicates that the expression of BpNos
does not imply determination of the germline. Therefore, BpNos is a
weak marker of germline precursor cells and multipotent somatic
epithelial cells in B. primigenus. Its expression disappeared after the
Fig. 10. Schematic representation of BpNos expression with reference to germline speciﬁcation in B. primigenus. In germ cell formation, BpNos is thought to be involved in
maintenance and/or development of loose cell mass and in spermatogenesis. Thickness of blue line shows expression level of BpNos. (A) In B. primigenus, germ cells may be derived
from the germline stem cells that are reserved as BpNos-positive cells (hemoblasts) in hemocoel and tunic vessels. (B) In B. primigenus, germ cells may be derived from cnidarian type
totipotent stem cells (hemoblasts).
39T. Sunanaga et al. / Developmental Biology 324 (2008) 31–40somatic organs developed (Fig. 5). Currently, the function of BpNos in
multipotent somatic epithelial cells remains unclear because in this
study, BpNos knockdown had no effect on blastogenesis and somatic
organogenesis (Fig. 8).
Cellular mechanism underlying germ cell formation in colonial ascidians
Animals that propagate asexually reconstruct the gonads and
germline cells in every asexual generation. In B. primigenus, the
germline precursor cells strongly emit BpVas signals. We have
previously reported that BpVas-negative hemoblasts transform into
BpVas-positive germline precursor cells (Fig. 10) (Sunanaga et al.,
2006). BpVas-negative hemoblasts in the hemocoel and tunic vessels
also serve as somatic stem cells (Oka and Watanabe, 1957; Kawamura
and Nakauchi, 1991; Kawamura et al., 1991). These observations
question the developmental potency of germline-producing cells. In B.
primigenus, a single hemoblast never expresses BpVas (Sunanaga et al.,
2006). However, in this study, some of coelomic cells expressed BpNos
mRNA (Fig. 5). There were a few cell masses that strongly expressedBpNos (Fig. 5). In Botryllus schlosseri, genetic and grafting experiments
have suggested that germline and somatic hemoblasts belong to
separate lineages (Laird et al., 2005). According to this hypothesis, the
BpNos-positive coelomic cells seem to be a candidate for germline
stem cells that separate from the somatic cell lineage (Fig. 10A). It is
possible that the BpNos-positive cells are totipotent hemoblasts
present in the hemocoel, similar to the nanos-expressing totipotent
stem cells that present in Hydra (Fig. 10B).
In order to understand the cellular system that produces germline
and somatic cells during adulthood in colonial ascidians, we need to
identify more useful molecular makers for germline and somatic cells.
Clonal analyses in in vivo and in vitro systems by using a clonal cell line
derived from hemoblasts are also required.
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